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Background: Resistance of food borne pathogens such as Salmonella to existing antibiotics is of grave concern.
Silver coated single walled carbon nanotubes (SWCNTs-Ag) have broad-spectrum antibacterial activity and may be
a good treatment alternative. However, toxicity to human cells due to their physico-chemical properties is a serious
public health concern. Although pegylation is commonly used to reduce metal nanoparticle toxicity, SWCNTs-Ag
have not been pegylated as yet, and the effect of pegylation of SWCNTs-Ag on their anti-bacterial activity and cell
cytotoxicity remains to be studied. Further, there are no molecular studies on the anti-bacterial mechanism of
SWCNTs-Ag or their functionalized nanocomposites.
Materials and methods: In this study we created novel pegylated SWCNTS-Ag (pSWCNTs-Ag), and employed 3
eukaryotic cell lines to evaluate their cytotoxicity as compared to plain SWCNTS-Ag. Simultaneously, we evaluated
their antibacterial activity on Salmonella enterica serovar Typhimurium (Salmonella Typhimurium) by the MIC and
growth curve assays. In order to understand the possible mechanisms of action of both SWCNTs-Ag and pSWCNTs-Ag,
we used electron microscopy (EM) and molecular studies (qRT-PCR).
Results: pSWCNTs-Ag inhibited Salmonella Typhimurium at 62.5 μg/mL, while remaining non-toxic to human cells. By
comparison, plain SWCNTs-Ag were toxic to human cells at 62.5 μg/mL. EM analysis revealed that bacteria internalized
either of these nanocomposites after the outer cell membranes were damaged, resulting in cell lysis or expulsion of
cytoplasmic contents, leaving empty ghosts. The expression of genes regulating the membrane associated metabolic
transporter system (artP, dppA, and livJ), amino acid biosynthesis (trp and argC) and outer membrane integrity (ompF)
protiens, was significantly down regulated in Salmonella treated with both pSWCNTs-Ag and SWCNTs-Ag. Although EM
analysis of bacteria treated with either SWCNTs-Ag or pSWCNTs-Ag revealed relatively similar morphological changes,
the expression of genes regulating the normal physiological processes of bacteria (ybeF), quorum sensing (sdiA), outer
membrane structure (safC), invasion (ychP) and virulence (safC, ychP, sseA and sseG) were exclusively down regulated
several fold in pSWCNTs-Ag treated bacteria.
Conclusions: Altogether, the present data shows that our novel pSWCNTs-Ag are non-toxic to human cells at
their bactericidal concentration, as compared to plain SWCNTS-Ag. Therefore, pSWCNTs-Ag may be safe alternative
antimicrobials to treat foodborne pathogens.
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Figure 1 Suspensions of silver coated single walled carbon
nanotubes (SWCNTs-Ag). (a) Homogenously dispersed SWCNTs-Ag
in NanoSperse AQ®. (b) Water soluble pSWCNTs-Ag.
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Antibiotic resistance of foodborne pathogens is a matter
of serious concern as it has a detrimental effect not only
on human health, but also results in food deterioration
thus requiring immediate attention [1]. The use of
nanoparticles appears to be one of the most promising
strategies for overcoming microbial resistance as devel-
opment of resistance to these nanoparticles is not likely
[2]. Antimicrobial nanoparticles (NP) have been re-
ported to be effective antibacterial agents due to their
high surface area to volume ratios, unique physico-
chemical properties and multiple mechanisms of anti-
microbial action that prevent development of microbial
resistance to these nanoparticles [3,4]. Of relevance, silver
nanoparticles (AgNPs) have garnered attention due to
their ability to kill both gram-positive and gram-negative
bacteria [5-8]. However, due to their high surface energy,
AgNPs tend to aggregate into large particles which may
affect their bactericidal property due to instability in the
growth medium [9]. Alternatively, the use of carbon
nanotubes (CNTs) as a host nanomaterial [10] for
AgNPs creates a stable nanocomposite [8,11-13]. CNTs
have been shown to be a suitable vehicle for the effica-
cious and target specific delivery of molecules [10,14].
Silver coated CNTs (AgCNTs) have demonstrated
stronger antibacterial activity against gram-positive as
well as gram-negative bacteria compared to commercially
available AgNPs [8,13].
However, AgNPs or CNTs are toxic to human cells,
with several known mechanisms of toxicity to eukaryotic
cells [2,15-21]. Toxicity of AgNPs or CNTs can be re-
duced using various functionalization strategies, which
also improves their solubility and dispersability [20-26].
More recently, neutral amphiphiles of single walled car-
bon nanotubes have been shown to be less toxic and
stable in various media [10,14]. Specifically, pegylation of
CNTs using polyethylene glycol (PEG) has been shown
to increase biocompatibility and reduce the toxicity of
CNTs administered intravenously in mice as compared
to non-pegylated CNTs [24]. As yet, most research has
focused on how the toxicity of either plain AgNPs or
CNTs could be reduced by pegylation. However,
AgCNTs have not been pegylated as yet, and the effect
of pegylation on their toxicity to human cell has not
been investigated. Further, it also remains to be deter-
mined whether pegylation of AgCNTs affect their anti-
bacterial activity, as PEG molecules may cover the silver
coating on CNTs, thus reducing their antibacterial activity.
Another gap in this area is that very little is known about
the antibacterial mechanism of AgCNTs and pegylated
AgCNTs. Some of the proposed mechanisms include
silver ion dissolution, direct contact with cell mem-
branes and generation of reactive oxygen species [9]. A
recent study demonstrated that the antibacterialactivity of AgCNTs is mediated through generation of
reactive oxygen species via its direct contact with the
bacterial cells [9]. However, the molecular mechanisms
of action remain to be explored.
Accordingly, in the present study we created novel
pegylated silver coated single walled carbon nanotubes
(pSWCNTs-Ag) using PEG and employed 3 eukaryotic
cell lines to evaluate their cytotoxicity as compared to
plain SWCNTS-Ag. Simultaneously, we evaluated their
antibacterial activity on Salmonella Typhimurium, a
gram-negative foodborne pathogen of serious public
health concern, using the MIC and growth curve assays.
Further, to understand the possible mechanisms of action
of both SWCNTs-Ag and pSWCNTs-Ag, we performed
electron microscopy (EM) and molecular studies using
quantitative reverse transcriptase polymerase chain reac-
tion (qRT-PCR).
Results
Characterization of pSWCNTs-Ag and SWCNTs-Ag
As indicated by the manufacturer, dispersion of
SWCNTs-Ag in NanoSperse AQ® resulted in a relatively
homogenous, yet insoluble suspension, whereas pegyla-
tion of SWCNTs-Ag produced a homogenous and highly
stable water soluble suspension as reported elsewhere
(Figure 1) [27]. The zeta potential value of pSWCNTs-
Ag (Table 1) was positive (+8.99) compared to the nega-
tively charged SWCNTs-Ag (−41.9), indicating that
phospholipid-poly (ethylene glycol)-amine (PL-PEG-
amine) molecules were strongly anchored over
SWCNTs-Ag, which imparted the positive charge and
made them water-soluble. Fourier transform infrared
spectroscopy (FT-IR) analysis showed the presence of
characteristic peaks of PL-PEG (alkane C-H, carbonyl
Table 1 Zeta potential measurements of the
nanocomposites
Nanocomposite Zeta potential (mV) STDEV
SWCNTs-Ag −41.9 1.30
pSWCNTs-Ag 8.99 0.52
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not possess any similar peaks (Figure 2). Further, SEM
imaging of pSWCNTs-Ag clearly indicated a cloudy hazy
coating of PEG around the SWCNTs-Ag (Figure 3b, silver
can be seen as spherical deposits, indicated by arrow-
heads) as compared to SWCNTs-Ag with no coating
around them (Figure 3a). TEM images clearly verified
the pegylation as evidenced by increase in size of
pSWCNTs-Ag (54 nm) (Figure 3d & f) compared to
SWCNTs-Ag (6 nm) (Figure 3c & e). The amount of
PL-PEG that was deposited on 10 mg/mL of SWCNTs-
Ag was observed to be 2 μM equivalent to 10 mg/mL
as measured by the inorganic phosphate assay.
Antibacterial activity of SWCNTs-Ag
Next, we thoroughly examined the antibacterial activity
of SWCNTs-Ag and pSWCNTs-Ag. The MIC values for
both, SWCNTs-Ag and pWCNTs-Ag, were between
31.25 μg/mL and 62 μg/mL for Salmonella Typhimurium,
Escherichia coli, Staphylococcus aureus and Streptococcus
pyogenes (Figure 4; Additional file 1: Figures S1-S3).Figure 2 FT-IR pattern of (a) SWCNTs-Ag. (b) pSWCNTs-Ag and PL-PEG
C-H, carbonyl c = o, hydroxyl O-H and methylene CH2 are indicated by arroAdditionally, the Kirby Bauer disc diffusion assay demon-
strated strong antibacterial activity against all four patho-
gens characterized by zones of inhibition on the MH agar
plates (Figure 5; Additional file 1: Table S1). Further, the
growth curve assay of Salmonella Typhimurium exposed
to various concentrations of SWCNTs-Ag showed that
bacterial growth was dramatically inhibited in a time and
concentration dependent manner (Figure 6). Similarly,
pSWCNTs-Ag exhibited strong antibacterial activity at
125, 62.5 and 31.25 μg/mL as evidenced by reduced
bacterial numbers and impeded growth as the time
progressed (Figure 6). Based on the bacterial growth
curve analysis, we further analyzed live/dead staining of
bacteria upon exposure to 12.5 μg/mL of SWCNTs-Ag
and pSWCNTs-Ag for 16 h. The live/dead proportion
was approximately 7–8 fold lower when bacteria were
exposed to SWCNTs-Ag and pSWCNTs-Ag compared
to non-treated controls (Figure 7).
Pegylated SWCNTs-Ag are non-toxic to human cells at
their bactericidal concentrations
The cytotoxicity of SWCNTs-Ag and pSWCNTs-Ag was
compared by the MTT assay using 3 cell lines including
the A549 (human lung carcinoma), Hep2 (hepatocellular
carcinoma) and J774 (murine macrophages) cells. As rep-
resented in Figure 8, SWCNTs-Ag showed dose dependent
toxicity in all the cell lines, whereas pSWCNTs-Ag were
observed not to be toxic at similar concentrations. Further,. The characteristic peaks on PL-PEG and pSWCNTs-Ag such as alkane
ws.
Figure 3 Characterization of silver coated single walled carbon nanotube formulations by SEM (a & b) and TEM (c & d). (a) SEM image
of silver coated single walled carbon nanotubes dispersed in NanoSperse AQ® dispersant (SWCNTs-Ag). (b) SEM image of pegylated SWCNTs
(pSWCNTs-Ag). The hazy coating around the SWCNTs-Ag is apparent and silver deposition is indicated by an arrow. (c) TEM image of SWCNTs-Ag.
(d) TEM of pSWCNTs-Ag. (e) Magnified inset of image C showing the diameter of SWCNT-Ag as 6 nm. (f) Magnified inset of image D showing
pSWCNTs-Ag of 54 nm.
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15.6 μg/mL) showed damaged morphology such as loss of
nucleus, cell organelles and presence of apoptotic vesicles
upon TEM analysis (Figure 9b & c). On the other hand,
cells exposed to pSWCNTs-Ag at similar concentrations as
that of SWCNTs-Ag showed normal morphology includ-
ing intact nuclei and cell organelles (Figure 9d & e) similar
to non-treated control cells (Figure 9a). Additionally, the
DNA fragmentation assay showed fragmented DNA, a
characteristic of apoptotic cell death, when treated with
SWCNTs-Ag whereas pSWCNT-Ag treated cells did not
show DNA fragmentation similar to the non-treated con-
trol cells (Figure 9f).
EM analysis of Salmonella Typhimurium exposed to
SWCNTs-Ag and pSWCNTs-Ag
The SEM and TEM images of either healthy non-treated
bacterial cells or nanocomposites-treated cells are shown
in Figure 10. SEM analysis revealed that treatment with
the SWCNTs-Ag or pSWCNTs-Ag resulted in thecomplete lysis of the bacterial cells (indicated by a black
solid arrow), or the cells appeared as hollow disrupted
entities (indicated by a white solid block arrow) com-
pared to non-treated healthy bacterial cells (Figure 10a).
Some of the bacterial cells also showed the presence of
holes in either a central division region (Figure 10b), or
a polar division region (Figure 10c indicated by white
line arrows). These findings were further supported by
TEM imaging (Figure 10d-j), which showed damaged
bacterial cells upon treatment with the nanocomposites
(Figure 10e & j) compared to healthy untreated bacteria
(Figure 10d). Upon interaction with the nanocomposites
(indicated by double headed black arrows), bacterial cell
membranes were ruptured causing the expulsion of cyto-
plasmic contents outside the cells, leaving behind either
an empty ghost cell (Figure 10h, indicated by a dotted
line black arrow) or debris of the cell (indicated by a
white arrowhead). By comparison, non-treated bacteria
had intact cell membranes and cytoplasmic contents
(Figure 10d).
Figure 4 Evaluation of the minimum inhibitory concentrations (MICs) using the redox resazurin dye-based microtiter broth dilution
assay. 1 × 105 cfu/mL bacteria were exposed to doubling concentrations of nanocomposites. (a) SWCNTs-Ag without resazurin. (b) SWCNTs-Ag
with resazurin. (c) pSWCNTs-Ag without resazurin. (d) pSWCNTs-Ag with resazurin. All the plates were incubated at 37°C and the optical density
at 600 nm (OD600) was determined after 24 h. All values were considered to be significant at p≤ 0.05 or 0.01 versus the controls (0 μg/mL of
SWCNTs-Ag present in bacterial culture). **p≤ 0.01 indicating highly significant differences. Error bars represent standard deviations determined
from at least six replicates.
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nanocomposites
The expression of genes associated with bacterial me-
tabolism, structural integrity and virulence was investi-
gated to further explore the antibacterial action of
nanocomposites. Bacteria treated with plain SWCNTs-Ag
showed down-regulation of the ompF gene and up-
regulation of the ychP gene whereas there was no signifi-
cant change in expression of the genes such as cigR and
safC (Figure 11). On the other hand, pSWCNTs-Ag
treated cells showed significant down regulation of ompF,
safC and ychP genes whereas the cigR gene was up regu-
lated (Figure 11). Further, the genes such as dppA, livJ,
artP, trpA and argC were significantly down-regulated
several-fold upon exposure to SWCNTs-Ag and
pSWCNTs-Ag (Figure 11c-f) whereas the expression of
the fliH gene was significantly up-regulated upon treat-
ment with both the nanocomposites (Figure 11g & h). The
expression of ybeF and sdiA was down-regulated signifi-
cantly in pSWCNTs-Ag treated bacteria, whereas the
expression of these two genes remained unchanged
upon SWCNTs-Ag treatment (Figure 11g & h). Also,
the bacteria treated with plain SWCNTs-Ag showed
significant up regulation of genes such as sseA sseB and
ssaH whereas the expression of gene sseG remained
unchanged (Figure 11i). Conversely, pSWCNTs-Ag
treated bacteria showed down regulation of sseA andsseG genes with no change in expression of sseB and
ssaH genes (Figure 11h).
Discussion
Resistance of food borne pathogens to antibiotics is a
serious problem and the development of resistance-free
antibacterial agents is necessary to treat bacterial infec-
tions effectively. Although the use of SWCNTs-Ag is
gaining popularity due to their excellent antibacterial
properties, toxicity to human cells remains a major con-
cern. Results of our study show that pegylation of
SWCNTs-Ag reduces their toxicity to eukaryotic cells,
compared to plain non-pegylated SWCNTs-Ag, and our
results are in agreement with the previous findings that
show pegylation reduces the toxicity of plain SWCNTs
[22,28]. Additionally, our findings also corroborate with
the recent findings wherein biotinylated amphiphiles of
SWCNTs have been shown to reduce the toxicity to
various mammalian cell lines [10,14]. However, to our
knowledge, this is the first attempt to pegylate
SWCNTs-Ag and to report that the pSWCNTs-Ag were
non-toxic to human cells. Further, the effect of pegyla-
tion on the antibacterial activity of SWCNTs-Ag also
remains to be reported. As the SWCNTs used in the
present study were silver coated, it is possible that the
anti-bacterial activity of SWCNTs-Ag could have been
compromised by pegylation, as PL-PEG-amine molecules
Figure 5 Zone of inhibition test using Kirby–Bauer disc diffusion assay against gram- negative and gram-positive organisms. The zone
of inhibition around discs containing MIC concentrations of SWCNTs-Ag and pSWCNTs-Ag and the broad spectrum antibiotic amoxicillin–clavulanic
acid (30 μg) can be clearly seen for both, the gram- negative pathogens such as (a) Escherichia coli and (b) Salmonella Typhimurium; and gram-positive
pathogens such as (c) Streptococcus pyogenes and (d) Staphylococcus aureus. The numbers indicated are; 1: antibiotic control; 2: SWCNTs-Ag (62.5 μg/mL);
3: SWCNTs-Ag (31.25 μg/mL); 4: pSWCNTs-Ag (62.5 μg/mL); 5: pSWCNTs-Ag (31.25 μg/mL).
Figure 6 Growth curve and quantitative analysis of Salmonella Typhimurium exposed to various concentrations of nanocomposites.
(a) Bacterial growth curve exposed to SWCNTs-Ag using optical density measurements. (b) cfu/mL of surviving bacteria upon exposure to
SWCNTs-Ag. (c) Growth curve upon exposure to pSWCNTs-Ag using optical density measurements. (d) Quantification of bacteria upon exposure to
pSWCNTs-Ag. Bacteria were grown in LB broth containing various concentrations of nanocomposites and all the cultures were incubated at 37°C with
shaking at 250 rpm and the optical density measurements at 600 nm (OD600) and cfu/mL counts were done at 0, 4, 8, 16 and 24 h. The results are
means of three experiments, with p ≤ 0.05 indicating significant * differences, or p ≤ 0.01 indicating highly significant ** differences. Error bars
represent standard deviations determined from at least three replicates.
Chaudhari et al. Journal of Nanobiotechnology  (2015) 13:23 Page 6 of 17
Figure 7 Live/ dead staining of bacteria exposed to different nanocomposites. 1 × 105 cfu/mL bacteria were exposed to 12.5 μg/mL of
nanocomposites for 16 h and bacteria were stained using Baclight bacterial viability kits. (a) Non-treated bacteria. (b) Bacteria exposed to SWCNTs-Ag
(c) pSWCNTs-Ag treated bacteria. (d) Ratio of green/red colored bacteria upon exposure to nanocomposites. All values were considered to be significant
* at p≤ 0.05 * or ** highly significant at p≤ 0.01. Error bars represent standard deviations of the results determined with at least six replicates. The images
are at 10× magnification. Scale bars: ~15 μm
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However, our results clearly demonstrated that pegylated
SWCNTs-Ag destroy Salmonella as effectively as plain
SWCNTs-Ag. The bacterial MIC values for pSWCNTs-Ag
did not differ from that of plain SWCNTs-Ag (62.5 &
31.2 μg/mL). Sequential monitoring of quantitative bacter-
ial growth over time, and live/dead staining of bacteria
upon exposure to various concentrations of nanocompos-
ites provided further evidence that the antibacterial activ-
ity of SWCNTs-Ag was not reduced by pegylation. At
31.2 μg/mL concentration, both the nanocomposites ex-
hibited bactericidal activity, however, the uncoated
SWCNTs-Ag were cytotoxic. By contrast, pSWCNTs-Ag
were non-toxic to all the cell lines at bactericidal concen-
trations of 62.5 μg/mL, which is at least twice the MIC
value. The higher toxicity of plain non-pegylated
SWCNTs-Ag may be attributed to their lower surface area
as a result of their tendency to agglomerate and their sur-
face chemistry [17]. Due to their insolubility and agglom-
erative properties, SWCNTs-Ag may not be able to enter
cells thus inducing contact mediated cell toxicity similar
to CNTs [22]. On the contrary, pSWCNTs-Ag were sol-
uble in water and therefore showed reduced toxicity, or notoxicity, possibly due to their appropriate distribution in
the solution, lessening the contact mediated toxicity due
to their ability to enter in to human cells similar to pegy-
lated CNTs [22].
Next, we also investigated the morphological changes
seen in Salmonella upon exposure to either plain or
pegylated SWCNTs-Ag using electron microscopy. SEM
and TEM clearly showed that nanocomposites damaged
the bacterial cells by either creating a hole on the bacter-
ial cell surface, or causing lysis of the bacterial cells. This
mechanism of action results from the Ag coating of
SWCNTs, as AgNPs are well known for contact-
mediated membrane damage [5,6,29]. Further, SWCNTs
by themselves have been shown to cause membrane
damage in bacteria thereby regulating their antibacterial
activity [30,31]. However, all these studies have shown
the membrane damaging effects of AgNPs or CNTs by
SEM analysis and lack detailed information about fur-
ther validation by TEM. More recently, the antibacterial
activity of Ag-doped multi-walled CNTs has been associ-
ated with the generation of reactive oxygen species
through direct contact of the nanocomposites with bac-
teria causing membrane damage [9]. Our study indicated
Figure 8 In vitro cytotoxicity assay for SWCNTs-Ag and pSWCNTs-Ag. (a) Viability of A549 cells exposed to SWCNTs-Ag. (b) Cell viability of
A549 cells exposed to various concentrations of pSWCNTs-Ag. (c) J774 cell viability exposed to SWCNTs-Ag. (d) Cell viability of J774 treated with
pSWCNTs-Ag. (e) Hep-2 cells viability treated with SWCNTsAg. (f) Viability of Hep-2 cells exposed to pSWCNTs-Ag. All the cells were treated with
nanocomposites for 24 and 48 h and statistical differences were calculated compared to controls. All values were expressed as fold change expressed
compared to non-treated bacteria. *when p ≤ 0.05 indicate significant differences; **when p ≤ 0.01 indicate highly significant differences. Error
bars represent standard deviations of the results determined with at least 3 biological replicates.
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tivity of SWCNTs-Ag, perhaps linked with the well-
known ghost formation phenomenon, as characterized
by tunnel formation on bacterial cell membranes, result-
ing in the expulsion of the cytoplasmic contents [32].
However this may require further validation by more
advanced analyses using atomic force microscopy [33] or
in- lens field emission scanning electron microscopy
[34] to capture the detailed morphological changes in-
duced by SWCNTs-Ag in a sequential manner.
As EM studies revealed that SWCNTs-Ag caused
membrane damage and formation of ghost cells, we fur-
ther investigated the expression of a few, yet major,
genes associated with invasion (ychP), outer membrane
proteins (ompF and safC), inner membrane protein
(cigR), amino acid biosynthesis (trpA, tryptophan and
argC, arginine), ABC transport (dppA, artP and livJ),
DNA transcriptionactivators (fliH, sdiA and ybeF) and
Salmonella pathogenicity island-2 (SPI-2) associatedgenes (sseA, sseB, sseG and ssaH) using qRT-PCR
[35,36]. These genes were selected either on the basis of
their common existence and physiological roles in a
wide range of bacterial species, or their significant role
in Salmonella virulence. The expression of genes associ-
ated with membrane integrity (ompF, cigR, ychP) was sig-
nificantly down regulated by treatment with plain silver
or pegylated silver nanocomposites. However, another
outer membrane associated gene safC (associated with
SPI-6) and the ychP invasin gene were exclusively down
regulated only in pSWCNTs-Ag treated cells. These re-
sults support our hypothesis that both the nanocompos-
ites cause bacterial cell membrane damage, as evidenced
by change in gene expression that regulates proteins as-
sociated with the bacterial membranes. Our results also
indicate that pSWCNTs-Ag interfere with the expression
of additional genes compared to plain SWCNTs-Ag,
which can be attributed to the solubility of pSWCNTs-
Ag in water. Further, the genes regulating the bacterial
Figure 9 Toxicity evaluation of SWCNTs-Ag and pSWCNTs-Ag in A549 cells by TEM (a-e) and DNA fragmentation assay (f). (a) non-treated
A549 cells. (b) A549 cells treated with 31.25 μg/mL of SWCNTs-Ag. (c) A549 cells treated with 15.6 μg/mL of SWCNTs-Ag. (d) A549 cells treated with
31.25 μg/mL of pSWCNTs-Ag. (e) A549 cells treated with 15.6 μg/mL of pSWCNTs-Ag, N: nucleus; CY: cytoplasm; CO: cell organelle. (f) DNA fragmentation
assay, Lane 1: 100 bp DNA ladder; 2: non treated control; 3: cells treated with 31.25 μg/mL of SWCNTs-Ag; 4: cells treated with 15.6 μg/mL of SWCNTs-Ag;
5: cells treated with 31.25 μg/mL of pSWCNTs-Ag; 6: cells treated with 15.6 μg/mL of pSWCNTs-Ag.
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amino acid synthesis were down regulated significantly
by either nanocomposites treatment. ABC transporters
are extremely vital in cell viability, virulence and patho-
genicity as they function as protein systems that coun-
teract any undesirable changes occurring in the cell [37].
The periplasmic DppA [38] (initial receptor for dipep-
tides transport), artP [39] (an important component of
the arginine binding and transport system) and livJ [40]
(regulator of three branched-chain amino acids system)
proteins are some of the major ABC transporters that
allow transport of a wide variety of materials across
cytoplasmic membranes, and play an important role in
bacterial metabolism under conditions of stress. Down
regulation of the genes regulating these proteins indi-
cates the inhibition of these bacterial recovery mecha-
nisms. Similarly, the down- regulation of tryptophan (an
essential amino acid) and arginine biosynthesis genes
further suggests that Ag nanocomposites may also inter-
fere with the amino acid synthesis machinery of bacteria.
On the other hand, the fliH gene, which encodes the
flagellar FliH protein was significantly up-regulated upon
exposure to both nanocomposites. FliH is an effector
protein involved in the flagellar export apparatus whichregulates the transcription of flaB and thus the motility
of bacteria [41]. Up-regulation of fliH in treated bacteria
thus, may indicate damage to the flagellar assembly, and
a stress recovery response from the damage caused by
the Ag nanocomposites.
In addition to these molecular changes, only the bacteria
treated with pegylated SWCNTs-Ag showed differential
expression of the genes associated with biofilm formation,
quorum sensing and virulence. The expression of ybeF
(a transcriptional regulator of the lysR family) and sdiA
(a receptor for N-acyl-L-homoserine lactones), was down
regulated significantly in pSWCNTs-Ag treated bacteria,
whereas the expression of these two genes remained un-
changed upon SWCNTs-Ag treatment (Figure 11g & h).
The lysR family of protein regulators play a diverse role in
cellular functions such as transport, response to oxidative
stress, nitrogen fixation, biofilm formation and bacterial
virulence, whereas sdiA proteins play a key role in quorum
sensing mechanisms of pathogenic bacteria [42,43]. Our
results thus indicate that pSWCNTs-Ag may have an add-
itional capability of interfering with normal physiological
processes and quorum sensing mechanisms of bacteria
compared to non-pegylated plain SWCNTs-Ag. Similarly,
the genes associated with the SPI-2 mediated type three-
Figure 10 Evaluation of morphological changes in bacteria upon their interaction with SWCNTs-Ag and pSWCNTs-Ag by SEM (a-c) and
TEM (d-j). (a) Non treated Salmonella Typhimurium. (b) Salmonella Typhimurium treated with SWCNTs-Ag. (c) Treatment with pSWCNTs-Ag.
(d) Non-treated bacteria. (e-g) Bacteria exposed to SWCNTs-Ag; (g) is magnified inset of (f). (h-j) Bacteria exposed to pSWCNTs-Ag; (j) is magnified
inset of (i). Black solid arrows indicate lysis of the cells. White solid block arrows indicate dissolved entities. White line arrows indicate pore formation.
Black arrow-heads represent nanocomposites, whereas white arrow-heads indicate cell debris. Dotted line black arrows show empty ghost cells. Two
headed arrow indicates the presence of nanocomposites.
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terns upon exposure to either nanocomposite. The expres-
sion of sseA was significantly down regulated in bacteria
treated with pSWCNTs-Ag, which resulted in unchanged
expression of the sseB and ssaH genes, and down regula-
tion of the sseG gene. Conversely, the expression of sseA
was up-regulated, followed by several fold increase in sseB
and ssaH expression when the bacteria were treated with
SWCNTs-Ag. SPI-2 T3SS is required for intracellular sur-
vival of Salmonella, and development of systemic disease
[44]. The sseA gene of SPI-2 T3SS plays an important role
in pathogenesis and acts as a chaperone to regulate the
stabilization and export of the sseB filament protein and
other effector proteins such as sseG and ssaH [45].Thus,
our findings indicate that pSWCNTs-Ag may affect sev-
eral pathways to exert their antibacterial effect, as com-
pared to plain SWCNTs-Ag. Further studies are required
to fully elucidate the antibacterial effect of both nanocom-
posites on the bacterial genome using more advancedmethods such as DNA microarray or whole genome
sequencing.
Conclusions
In conclusion, our results demonstrate that pSWCNTs-
Ag are non-toxic to human cells at their bactericidal
concentration, and down-regulate the genes associated
with quorum sensing and virulence mechanisms in Sal-
monella (Figure 12). Although our EM results show that
exposure to SWCNTs and pSWCNTs-Ag produce rela-
tively similar morphological changes in bacteria, qRT-
PCR findings clearly underline the differences in gene
regulation mechanisms, indicating that pSWCNTs-Ag
are more efficient than plain SWCNTs-Ag. Intracellular
survival of Salmonella and their quorum sensing mecha-
nisms are very important for their pathogenesis
[43,44,46]. Treatment of Salmonella with pSWCNTs-Ag
interrupts these two important mechanisms and thus
has an additional advantage over plain SWCNTs-Ag as
Figure 11 Gene expression studies in Salmonella Typhimurium exposed to either SWCNTs-Ag or pSWCNTs-Ag nanocomposites. (a) and
(b) represent gene expression of cigR, ompF, safC and ychP upon exposure to SWCNTs-Ag and pSWCNTs-Ag, respectively. (c) and (d) represent
ABC transporter systems-associated gene expression in bacteria treated with SWCNTs-Ag and pSWCNTs-Ag, respectively. (e) and (f) represent the
expression of amino acid biosynthesis genes in bacteria exposed to SWCNTs-Ag and pSWCNTs-Ag, respectively. (g) and (h) represent expression
of genes related to DNA transcription in bacteria treated with SWCNTs-Ag and pSWCNTs-Ag, respectively. (i) and (j) indicate the expression of
genes associated with the SPI-2 type three secretion system in bacteria exposed to SWCNTs-Ag and pSWCNTs-Ag, respectively. All values were
expressed as fold change expression compared to non-treated bacteria. *when p≤ 0.05 indicate significant differences; **when p≤ 0.01 indicate
highly significant differences. Error bars represent standard deviations of the results determined with at least 3 biological replicates.
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Figure 12 Schematic presentation of mechanism of action of SWCNTS-Ag and pSWCNTs-Ag. Our results demonstrated that SWCNTs-Ag
down-regulate some of the genes associated with metabolism and outer membrane integrity, however they are still toxic to human cells at their
bactericidal concentration (62.5 μg/mL). On the other hand, pegylation of SWCNTs-Ag (pSWCNTs-Ag) did not affect their antibacterial activity
(62.5 μg/mL), but reduced their toxicity to human cells. In addition, pSWCNTs down-regulated the expression of genes associated with quorum
sensing, biofilm formation and virulence in Salmonella.
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results show promise towards developing resistance free
and safe antimicrobials for the effective treatment of
foodborne infections.
Methods
Preparation of SWCNTs-Ag solutions
SWCNTs-Ag, with purity greater than 95%, were pur-
chased from NanoLab, Inc. Waltham, MA, USA. The
SWCNTs-Ag were produced by catalytic chemical vapor
deposition, and had an outer diameter of 1–5 nm and a
length of 1–2 μm. SWCNTs-Ag were dispersed in 1 mL
of specifically formulated dispersant- NanoSperse AQ®
from NanoLab Inc. Briefly, 1 mg of SWCNTs-Ag were
suspended in 1 mL of NanoSperse AQ® dispersant solu-
tion (according to manufacturer’s instructions) and the
suspensions were immediately sonicated for 1-2 h, and
shaken for 30 min to obtain the SWCNTs-Ag dispersion
(1 mg/mL).
Functionalization of SWCNTs-Ag using phospholipid-poly
(ethylene glycol) (PL-PEG)
The SWCNTs-Ag were non-covalently functionalized
using phospholipid-poly(ethylene glycol) PL-PEG5000-
Amine (NOF Corporation, White Plains, NY, USA) as de-
scribed previously [27]. Briefly, hydrophobic SWCNTs-Ag
were mixed with water solutions of the amphiphilic poly-
mer PL-PEG5000-Amine in a ratio of 1:5, sonicated for
60 min at room temperature (~22°C) and centrifuged for
6 h (24000 × g), at room temperature. After centrifugation,
the supernatant solution containing functionalizedSWCNTs- Ag was run through an Amicon centrifugal
filter (molecular weight cutoff of 100 kDa Millipore,
Billerica, MA, USA) and centrifuged for 10 min (4,000 × g)
at room temperature and the sediment was discarded. The
functionalized SWCNTs were washed 5–6 times with
water to remove excess PL-PEG molecules. Functionalized
SWCNTs-Ag were solubilized in sterile nuclease-free
water.
Determination of SWCNTs-Ag concentration in pSWCNTs-Ag
solution
To measure the concentration of SWCNTs-Ag in
pSWCNTs-Ag solution, the dry weight of the solution
was calculated after vacuum drying of the suspension.
Simultaneously, the PL-PEG concentration in a solution
was determined using an inorganic phosphate assay fol-
lowing acid hydrolysis [47]. Once the concentration of
PL-PEG was known, the concentration of SWCNTs-Ag
was calculated by subtracting the concentration of PL-
PEG from the total dry weight of pSWCNTs-Ag.
Characterization of SWCNTs-Ag and pSWCNTs-Ag
Both the nanocomposite formulations were character-
ized using zeta potential and fourier transform infrared
spectroscopy (FT-IR) analysis [48].
Determination of zeta potential
The zeta potential of SWCNTs-Ag and pSWCNTs-Ag
was measured using a Zetasizer (Nano-ZS; Malvern In-
struments Ltd, Malvern, UK). The samples were diluted
in distilled water to 1/10 (v/v), sonicated, and placed in a
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the measurements were carried out in triplicates for
each sample. The values are reported as means of tripli-
cate samples.
FT-IR spectroscopy
FTIR spectra were recorded for SWCNTs-Ag,
pSWCNTs-Ag and PL-PEG5000-amine in attenuated
total reflectance (ATR) mode using an infrared (IR)
spectrophotometer (Nicolet 380 FT-IR; Thermo Fisher
Scientific). The spectra were obtained with 64 scans per
sample, ranging from 400 to 4000 cm−1 and a resolution
of 4 cm−1. The sample chamber was purged with dry N2
gas.
Evaluation of toxicity to eukaryotic cells
In vitro cell toxicity assay
The cell toxicity to SWCNTs-Ag and pSWCNTs-Ag was
determined using Cell Titer 96® Non-Radioactive cell
proliferation kits (Promega, Madison, WI). A549 (human
lung carcinoma), Hep2 (hepatocellular carcinoma) cells
and J774 (murine macrophages) cell lines were used for
the cytotoxicity assay. The assay is a colorimetric assay
based on the reduction of the tetrazolium dye MTT [3-
(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium brom-
ide). As per the manufacturer’s protocol, 1 × 104 cells/
well in 100 μL of minimum essential medium-10
(MEM-10, Gibco, Life technologies, Grand Island, NY)
were seeded into a 96-well plate. After overnight incuba-
tion at 37°C in 5% CO2 humidified atmosphere, the
media from the 96-well plates were replaced with the
MEM-10 media containing 62.5, 31.25, 15.12 or 7.8 μg/
mL of either SWCNTs-Ag or pSWCNTs-Ag. The
treated cells were further incubated at 37°C under 5%
CO2 for 24 and 48 h. At the end of the each incubation
period, 15 μL of MTT dye were added into each well
and the plate was allowed to incubate again for the next
4 h, in darkness. The reaction was then stopped using
100 μL of the stop solution. The absorbance of the plate
was measured at 570 nm using a TECAN Sunrise™
enzyme-linked immunosorbent assay (ELISA) plate
reader (Tecan US, Inc., Morrisville, NC, USA). Non-
treated cells, in growth media, were used as a control.
DNA fragmentation assay
The DNA fragmentation assay was performed as de-
scribed elsewhere [49]. Briefly, A549 cells were treated
with SWCNTs-Ag and pSWCNTs-Ag at concentrations
of 31.25 and 15.6 μg/mL for 48 h, trypsinized and re-
suspendeded in 0.5 mL of lysis buffer [10 mM Tris–HCl
buffer (pH 8.0) containing 2% (v/v) Triton-X100,
0.5 mM EDTA)], treated with RNAse (10 mg/mL) at 37°C
for 2 h and; digested with 200 μg/mL proteinase K for 4 h
at 50°C. Upon digestion, DNA was extracted with phenol/chloroform/Iso-amyl alchohol (25:24:1, v/v), and precipi-
tated with 70% ethanol at −20°C overnight. Electrophor-
esis of the purified DNA was carried out using 1.5%
agarose gels containing ethidium bromide and visualized
using ultraviolet transillumination.
Bactericidal experiments
Salmonella enterica serovar Typhimurium (ATCC®
13311™), Escherichia coli (ATCC® 25922™), Staphylococ-
cus aureus (ATCC® 9144™) and Streptococcus pyogenes
(ATCC® 8135™) purchased from American Type Culture
Collection (ATCC, VA USA), were used for the bacterial
experiments. Bacteria were grown at 37°C in Luria-Bertani
(LB) broth (Difco, Sparks, MD, USA) with continuous
shaking until the optical density (OD) was 0.6–0.8 (at
600 nm). Bactericidal activity of SWCNTs-Ag and
pSWCNTs-Ag was investigated using the parameters such
as minimum inhibitory concentrations (MIC) and the
Kirby-Bauer disk diffusion assay against all four pathogens.
Further detailed evaluation of the antibacterial effects on
Salmonella Typhimurium was done by growth curve
analysis, and live/dead staining. The morphological
changes that occurred in Salmonella by treatment with
SWCNTs-Ag and pSWCNTs-Ag were examined by
scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). Gene expression studies
were carried out using the quantitative real time reverse
transcriptase polymerase chain reaction (qRT-PCR).
Determination of MIC
The MIC values of SWCNTs-Ag and pSWCNTs-Ag
were evaluated in quadruplet wells of sterile 96-well mi-
crotiter plates using the broth microdilution assay with
or without using the redox reagent resazurin, following a
previously described broth microdilution procedure
[50,51]. Briefly, early log phase suspensions of the bac-
teria (1 × 105 cfu/mL) were exposed to doubling concen-
trations of SWCNTs-Ag and pSWCNTs-Ag starting at
1.9 μg/mL in the presence or absence of resazurin. Two-
fold serial dilutions of pSWCNTs-Ag were performed in
sterile nuclease free water, whereas the NanoSperse AQ
dispersant solution was used as a diluent for the plain
SWCNTs-Ag. All plates were sealed lightly (with ventila-
tion) and then incubated at 37°C for 24 h. Each plate
consisted of 8 dilutions of the SWCNTs-Ag dispersions/
solutions, 1 negative control (no SWCNTs-Ag or no
bacterial culture), and 1 positive control (only bacterial
culture without SWCNTs-Ag). After incubation, the
MIC was determined by the turbidity of the culture
media in the wells. The concentration of the first well
without turbidity was considered as the minimum in-
hibitory concentration. The inhibition of bacterial
growth was determined by measuring absorbance at
600 nm with a TECAN Sunrise™ enzyme-linked
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Inc Morrisville, NC, USA). While testing plates where
resazurin dye was added, MIC values were identified at
24 h as the lowest concentration of antimicrobial agent
with color shift from blue to red. All experiments were
repeated at least three times.Kirby–Bauer disc diffusion assay
The antibacterial activity of SWCNTs-Ag and
pSWCNTs-Ag at their MICs such as 62.5 & 31.25 μg/
mL was further tested using the Kirby–Bauer disc diffu-
sion assay against all four pathogens as described earlier
[52]. Bacterial suspensions of each bacterial strain
(108 cfu/mL) were swabbed on the surface of Mueller–
Hinton agar plates and filter paper discs (Fisher Scientific,
MO) containing 62.5 & 31.25 μg of SWCNTs-Ag and
pSWCNTs-Ag, were placed on the plate. A broad
spectrum combination of amoxicillin and clavulanic acid
(30 μg) was used as a positive control (BD, BBL™, USA).
Plates were incubated at 37°C overnight and the diameters
of the clear zones around the discs, called ‘zones of inhib-
ition’, were recorded.Quantitative growth analysis of Salmonella
Salmonella growth was quantified sequentially at time
points of 0, 4, 8, 16 and 24 h post-exposure to
SWCNTs-Ag or pSWCNTs-Ag. Twenty milliliters of
cultures containing 1 × 105 cfu/mL of bacteria were ex-
posed to 50, 25, 12.5 and 6.25 μg/mL of SWCNTs-Ag,
or 125, 62.5, 31.2 and 15.7 μg/mL of pSWCNTs-Ag
(these concentrations were selected based on the MICs
of pSWCNTs-Ag and plain SWCNTs-Ag). The cultures
were incubated at 37°C with shaking at 250 rpm and the
optical density at 600 nm (OD600) was determined at 0,
4, 8, 16 and 24 h. The graph was plotted as O.D vs. time
point on the Y and X axis, respectively. Similarly, at each
time point, 1 mL aliquots of bacterial culture were col-
lected, subjected to serial 10-fold dilution in sterile LB
broth, and each dilution was then spread on PCA to deter-
mine the cfu/mL. Each sample was analyzed in triplicate
and the analysis was repeated at least three times. The
average cfu/mL value of each sample was then reported as
described above.Live/dead staining of bacteria
The viability of bacteria was examined by live/dead
staining using the Baclight bacterial viability kit (L13152,
Molecular probes, USA) according to manufacturer’s in-
structions. Briefly, 1 × 105 cfu/mL bacteria were treated
with 12.5 μg/mL of SWCNTs-Ag and pSWCNTs-Ag for
16 h in a shaking incubator (250 rpm) at 37°C. Post-treatment, the bacterial cells were harvested, washed
with 0.85% sodium chloride (NaCl, Fischer Thermo sci-
entific, New Jersey, USA), incubated further in 0.85%
NaCl for 1 h and finally re-suspended in 200 μl of 0.85%
Nacl. Bacterial samples were then incubated in the dark
for 30–45 min with an equal amount of 2× stock solu-
tion of the LIVE/DEAD BacLight staining reagent con-
taining a final concentration of 6 μM of the SYTO 9 dye
and 30 μM of propidium iodide. The stained bacterial
suspensions were trapped (5 μl) between a slide and an
18 mm square coverslip and the images were captured
by Nikon Eclipse TE200 microscope (Nikon, Melville,
NY, USA) using FITC-HYQ (Ex 450–500) and TRITC
HYQ (Ex 530–550) filters. Viable cells had green fluores-
cence, while non-viable cells had red fluorescence. All
the experiments were carried out in triplicate sets and
the treated samples were compared with non-treated
controls. The live and dead cells (of at least three images
of treated and non-treated bacteria) were counted
manually using NIS-Elements AR 3.1 microscope im-
aging software and the live/dead ratio for each sample
was calculated.Electron microscopy
Scanning electron microscopy (SEM, Zeiss EVO 50, Carl
Zeiss Meditec, Oberkochen, Germany) and transmission
electron microscopy (TEM, Zeiss EM 10C 10CR, Carl
Zeiss Meditec, Oberkochen, Germany) were used to
examine the morphology and size of SWCNTs-Ag and
pSWCNTs-Ag. Additionally, SEM and TEM were used to
observe the morphological features of Salmonella Typhi-
murium treated with SWCNTs-Ag and pSWCNTs-Ag.
The non-treated bacterial cells were used as a control.
Similarly, TEM analysis was performed to investigate the
cytotoxicity of the Ag nanocomposites in A549 cells com-
pared to non-treated cells. Samples of SWCNTs-Ag and
pSWCNTs-Ag for SEM were prepared as described previ-
ously with minor modifications [8]. Briefly, the samples
were sonicated, diluted 10 times and placed on a SEM
stub with a conductive silver paint and sputter-coated with
gold/palladium using a sputter coat device (EMS 550×,
Carl Zeiss Meditec, Oberkochen, Germany). For bacterial
sample preparation, cells (1 × 105 cfu/mL) were treated
with 12.5 μg/mL of SWCNTs-Ag and pSWCNTs-Ag sep-
arately for 16 h in a shaking incubator (250 rpm) at 37°C.
For eukaryotic sample preparation, A549 cells were
treated with 31.25 & 15.6 μg/mL of SWCNTs-Ag and
pSWCNTs-Ag separately for 48 h and incubated at 37°C
in 5% CO2 humidified atmosphere. Post treatment, the
bacterial cells were harvested by centrifugation (13000 × g
for 10 min), fixed in 2.5% glutaraldehyde and 1% formal-
dehyde overnight, followed by fixation in 1% aqueous
osmium tetroxide for 1 h and then subjected to serial
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70, 80, 90, 95 and 100%). After the final dehydration, step,
5 μl of each sample was placed on the SEM stub, air dried
and sputter coated with a gold-palladium alloy for subse-
quent observation by SEM. For TEM, the 10 fold diluted
samples of SWCNTs-Ag and pSWCNTs-Ag were dis-
persed onto the carbon-coated copper grids (200 mesh).
The bacterial and A549 cells samples were passed through
propylene oxide, polymerized in Embed 812 resin,
followed by ultrathin gold colored sectioning on to copper
grids and observation by TEM.
Molecular studies using qRT-PCR
The mRNA levels of several metabolically essential genes
and virulence factor-associated genes of Salmonella
Typhimurium were investigated using qRT-PCR. The
primer sets and the function of each gene are described
in Table 2. The bacteria (1 × 105 cfu/mL) were treated
with 12.5 μg/mL of SWCNTs-Ag and pSWCNTs-Ag for
16 h in a shaking incubator (250 rpm) at 37°C, followed
by total RNA extraction using RNeasy Mini kit (Qiagen,
Germany). The RNA was quantified by using a NanoVue
Plus spectrophotometer at 260 nm/280 nm (GE Health-
care Life Sciences, Pittsburg, PA), and cDNA synthesis
was carried out in a 40 μl reaction volume using the Ap-
plied Biosystems High Capacity cDNA Reverse Tran-
scriptase Kit (Life Technologies, Grand Island, NY). The
expression of metabolically essential genes such as genes
associated with ABC transporter system (dppA, artP and
livJ), amino acid biosynthesis (trp and argC) and DNATable 2 Primers used in this study

















16 s rRNA CAGAAGAAGCACCGGCTAAC AATGCAGtranscription (sdiA, fliH and ybeF); virulence factor asso-
ciated genes such as Salmonella pathogenicity island-2
(SPI) (ssaH, sseA, sseB and sseG), SPI-3 (cigR), SPI-6
(safC), outer membrane protein (ompF) and invasion
(ychP) genes were quantified by qRT-PCR using the
SYBR® Select Mastermix (Life Technologies, Grand Is-
land, NY) according to the manufacturer’s instruc-
tions. DNA was amplified and quantified in the
Applied Biosystems® ViiA™ 7 real-time PCR system
(Life Technologies). PCR conditions consisted of an
initial denaturation at 95°C for 2mins, followed by
40 cycles of 95°C for 5 s, 56°C for 25 s and 72°C for
30s. Amplification efficiency of each primer set with
respect to the endogenous control gene (16srRNA)
was in between 95-98% (data not shown). The data ob-
tained from three-independent experiments were used
to analyze the relative gene expression compared to
non-treated samples by the 2 − ΔΔCt method [53].Statistical analyses
All data are expressed as the mean ± standard deviation
(SD) unless otherwise specified. Analyses were per-
formed using the GraphPad Prism Version 4 software
(GraphPad Software, Inc., La Jolla, CA). Statistical differ-
ences for growth curves were evaluated by using two
way ANOVA. Fold change expression of genes were ana-
lyzed by the Student’s t test. Differences were considered
to be statistically significant when the P-values were
≤0.05 or 0.01.(5′-3′) Function
ATACTCTCTGTCTCTCTG Virulence (SPI-2 associated)
TCATCCTGGCTCCC Virulence (SPI-2 associated)
AATAATGCCAGACATACC Virulence (SPI-2 associated)
GGCTAACAGGTTTC Virulence (SPI-2 associated)
TACTGCTCCAGACTAAC Invasion
CCATTTCCCGGATT Inner membrane protein
AACCAGTGAGATAAA Outer membrane protein
ATTTCCACGGTATC Outer membrane protein F
ATAGCTGCCCGTAA DNA transcription activator
CGGCAATTCATTAG DNA transcription activator
AGGAGCAGCGTAAA DNA transcription, quorum sensing
CAAAGGACCTGAG Tryptophan biosynthesis
GACGGCGATTTC Arginine biosynthesis
CGTCGTTGTAGC ABC transporter system
TCAGACCCAGTA ABC transporter system
CTGCTTATCGT ABC transporter system
TTCCCAGGTTGAG Endogenous control
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